We have studied several cell behaviour parameters of mutant alleles of fat ( ft) in Drosophila imaginal wing disc development. Mutant imaginal discs continue growing in larvae delayed in pupariation and can reach sizes of several times those of wild-type. Their growth is, however, basically allometric. Homozygous ft cells grow faster than their twin cells in clones and generate larger territories, albeit delimited by normal clonal restrictions. Moreover, ft cells in clones tend to grow towards wing proximal regions. These behaviours can be related with failures in cell adhesiveness and cell recognition. Double mutant combinations with alleles of other genes, e.g. of the Epidermal growth factor receptor (DER) pathway, modify ft clonal phenotypes, indicating that adhesiveness is modulated by intercellular signalling. Mutant ft cells show, in addition, smaller cell sizes during proliferation and abnormal cuticular differentiation, which re¯ect cell membrane and cytoskeleton anomalies, which are not modulated by the DER pathway. q
Introduction
Morphogenesis leads to species-speci®c sizes, shapes and patterned cell differentiation of organs. Morphogenetic processes have been more intensively analysed in imaginal discs of Drosophila. Explantation (Garcõ Âa-Bellido, 1965) and regeneration experiments (Kirby et al., 1982) show that growth control is intrinsic to the disc. Genetic mosaics have further revealed that cell proliferation is locally controlled by cell±cell interactions (reviewed in Garcõ Âa-Bellido and Garcõ . Positional labels of the individual cells intervene in these interactions. This is manifested in cell recognition, cell adhesion and differential gene expression which lead to cell signalling between neighbouring cells, to cell division and post-mitotic cell allocation in the growing anlage (Mila Ân et al., 1996a,b) . Many genes, encoding for ligands, receptors, secondary messengers, and transcription factors, have been shown to be involved in these processes. In this paper we approach the role of cell adhesion molecules, such as FAT, a Drosophila cadherin, during wing disc morphogenesis.
The ft gene encodes for a large protein with 34 cadherinlike domains, ®ve EGF-like repeats interspersed with two laminin A±G chain motifs, a transmembrane domain and a novel cytoplasmic domain (Mahoney et al., 1991; Ponassi et al., 1999) . Its molecular nature suggests, by comparison with vertebrate cadherins (Takeichi, 1995; Ponassi et al., 1999) , that the FAT protein may operate as an adhesion molecule and as a cell signalling effector. The phenotype of the recessive allele ft fd has been previously described by Bryant et al. (1988) . It includes extra growth, histologically described in the imaginal disc epithelia, and abnormal orientation and patterning of adult cuticular elements. We extend here these ®ndings to three new alleles. We analyse the behaviour of ft mutant cells in genetic mosaics and of ft in several double combinations in wing morphogenesis. Our aim is twofold, to ®nd out which parameters of cell proliferation are affected and how fat function relates to that of other genes involved in cell signalling. The results show that the ft gene negatively controls cell proliferation in a cell autonomous manner and that this control is affected by the activity of signalling pathways; in particular that of the Epidermal growth factor receptor (DER).
Results

Different alleles of ft show grades of hyperplasia depending on the larval delay to pupariation
As described in Lindsley and Zimm (1992) there are many ft alleles of different origin, most of which are pupal lethal, three are viable and one, ft G ( fat Gull) is a dominant antimorph. Bryant et al. (1988) studied in some detail the phenotype of ft 8 (previously known as fat¯oppy-disc, ft fd ) a pupal lethal with delayed entry in pupariation (8±9 days) and with abnormal-hyperplastic discs. These authors showed that mutant ft 8 pupae which survive to pharate adults show shorter and thicker leg joints, higher chaetae densities and deviant trichome and chaetae polarities. Wings are, however, of normal appearance. Delayed larvae show increasingly larger discs, with enlarged folds preferentially in the basal regions of the wing blade. Transplants of these imaginal discs to metamorphosing wild-type hosts, however, did not show great departures from wild-type controls.
In the present work we have studied three different alleles: ft G-rv , ft 4 and a new one, isolated in a mutagenesis screen using P-element transposition and called l(2)79/18 (Torok et al., 1993) . We later found that it was not associated with the P insertion and failed to complement with other ft alleles, that we call it ft
18
; ft G-rv is a recessive lethal allele (Bryant et al., 1988) corresponding to the amorphic condition (Mahoney et al., 1991) . Hemizygous ft G-rv ( ft G-rv / Df(2L)sc19-1) larvae reach the pupal stage at 7±9 days and show hyperplastic discs (see also Bryant et al., 1988) . Homozygous ft 4 larvae show a delay of 5±6 days to pupariation and die as early pupae, prior to reaching the pharate stage. Their discs, in particular the wing disc, are many times larger than those of wild-type mature larvae, becoming larger the longer the larvae remain in culture (Fig. 1F) . Homozygous ft 18 larvae, on the other hand, show less delay (up to 1±2 days) to pupariation, and 60% of the pupae reach the pharate stage. The pharate adults show abnormalities in cuticular patterns and structures in all appendages (Fig.  1D,E) , similarly to those of ft 8 (Bryant et al., 1988) . The adult wing of pharates is larger in size compared with the wild-type (1.5 times), with higher cell number (2.9 times) and higher trichome density (1.9 times). The shape of the wing is broad and short, enlarged in the A/P axis compared with controls. The basal wing region is more affected than distal regions, with vein abnormalities and abnormal trichome polarity. The chaetae pattern of the wing margin and the positioning of the vein sensillae are fairly normal, although chaetae are blunter and thicker.
The two alleles ft 4 and ft 18 show different delays to pupariation (Fig. 1F) . A comparison of sizes of the ft 4 and ft 18 wing discs from larvae of the same age reveals that ft 18 grows faster than ft 4 . The sizes of ft 4 and ft 18 discs vary differently with the age of the larvae, suggesting a correlation between maximal disc wing size and delay to pupariation (Fig. 1F) . We analysed whether maximal wing disc size is allele speci®c in¯ies carrying the ft 4 and the ft 18 mutations and a temperature-sensitive ecd 1 mutation. Homozygous ecd 1 larvae, when shifted from 20 to 298C in the middle of third larval instar, fail to pupariate and survive as long as 3 weeks as larvae (Garen et al., 1977; Berreur et al., 1984) . As seen in Fig. 1G Bryant et al. (1988) comparing 9-day-old discs of ft 8 larvae (their Fig. 2g ) with ft 8 discs cultured in adult hosts for 21 days (their Fig. 5e ).
The heteroallelic combinations ft 4 /ft 18 and ft G-rv /ft 18 show a similar delay in pupariation (up to 1±2 days) and have a maximal disc size similar to that of ft 18 homozygous. Both combinations reach the pharate stage with extreme ft phenotypes as shown in Fig. 1D ,E. Wing discs of ft G-rv /ft 4 combination are larger, larvae pupate at 7±9 days and die as pupae. In heteroallelic combinations with the de®ciency for the locus, ft 18 and ft G-rv pupate at the same time and reach similar disc sizes, but ft 4 pupates later and the discs reach larger sizes. Thus, delayed pupariation as in ft 4 homozygous larvae or in discs maintained in non pupating hosts (ecd 2 ) allows for disc extra growth but only up to a maximal size. Combinations of the same ft alleles (and ft G-rv , Bryant et al., 1988) with the weak viable allele ft 1 are viable and of ft 1 phenotype.
Proliferating ft cells are smaller than wild-type
The ft pharate adults (and mutant mosaic patches, see below) show smaller cell surfaces or more density of trichomes. This effect on cell differentiation could correspond to smaller cell sizes during cell proliferation. We compared cell sizes of mature four days wing discs ft 4 and ft 18 with those of wild-type. Cell densities in ft 4 and ft 18 discs are similar, and higher (1.2 times) than in wild-type discs. Faster growth rate and smaller cell size could be related to cluster size of cells in different cell-cycle stages. The wildtype stg expression which marks the G2/M transition, occurs in synchronic clusters of 5.1^2 cells throughout larval development (Mila Ân et al., 1996a , not different to those of wild-type discs (5.1^2).
ft hyperplasia is not associated with regeneration
Abnormal folding of the wing disc epithelium may re¯ect local outgrowths. In fact, Bryant et al. (1988) found in histological sections of ft 8 discs additional folds only in the proximal regions of the wing pouch (the axillar region), but ft 18 pharate adults show enlarged regions in the whole wing disc derivatives, notum (not shown) and wing (Fig. 1D) . Since mutant ft 8 discs (Bryant et al., 1988) and ft 4 and ft 18 discs (data not shown), show some apoptotic cells in the wing blade, local overgrowth could re¯ect tissue regeneration leading to pattern duplications (Postlethwait and Schneiderman, 1973) . Such duplications can be monitored in patterns of gene expression for genes with territorial speci®city as islands in separated territories. Therefore we have analysed the expression of apterous (ap) (a marker of the dorsal compartment) engrailed (en) (of the posterior one), deca-pentaplegic (dpp) (which appears in a ribbon of anterior cells in the A/P compartment boundary) and wingless (wg) (in a ring on the base of the wing and in the D/V boundary) in large ft mutant discs (Fig. 2) . In all wing discs of ft 4 and 18 these patterns are normal and compact as in wild-type for ap and en, and in place, although thickened (see Section 3) for dpp and wg. There are therefore no indications that the ft extra growth is due to duplications or disruptive regeneration. Thus, ft enlarged discs seem to result from generalized, allometric extra cell proliferation. This conclusion is in agreement with the observation of a limit to disc overgrowth and other ®ndings presented below.
Expression patterns of ft reveal topographical differences in gene requirement
In discs of mature larvae the expression of the ft gene, detected by in situ hybridization with a ft speci®c probe (see Section 4), shows a spatially heterogeneous distribution. In wild-type mature wing discs ft expression is ubiquitous but preferentially accumulates in the axillar region and in the basal posterior region, with graded differences away from these maxima (Fig. 1B) . This pattern of expression is more diffuse in young imaginal discs (72-h AEL, Fig. 1A ). Regions of high expression appear in the notum (Fig. 1B ) and in halteres in homologous regions to the wing disc (data not shown). Leg and eye-antenna discs also show heterogeneous patterns of expression (data not shown). Interestingly, these patterns are similar to those shown for dachsous (ds) which also encodes for a member of the cadherin superfamily of proteins (Clark et al., 1995) .
In ft 18 (and ft
4
, data not shown) overgrown discs the expression of ft mRNA is weak and appears restricted to distal wing pouch (Fig. 1C ). Since these alleles possibly do not correspond to transcriptional nulls, the reduction of transcription in ft mutants may re¯ect feed back control of ft gene expression (see Section 3).
Extra cell proliferation is autonomous in mosaics
The study of cell behaviour of lethal allelic conditions can be carried out in genetic mosaics. These allow not only the study of phenotypes of mutant territories but also of their relationships with neighbouring wild-type territories. Morphogenetic mosaics have been studied in large M , re¯ecting early growth advantages of mutant clones. In contrast with wild-type controls (Fig. 3A) , ft clones tend to ®ll proximal regions of the wing blade without reaching distal regions of the wing (Fig. 3B±D) . The distal borders of ft clones are rounded, i.e. cells grow there perpendicular to the A/P boundary (Fig. 4D ). In addition, they are smooth in contrast with the indented borders found in M 1 control clones. In all of these features, ft G-rv and ft 18 are more extreme than ft 4 . 2.6. ft mutant territories affect patterned cell differentiation ft clones cause outgrowths in proximal but not in distal wing regions (Fig. 3E ). There are blisters of variable sizes that evaginate from the wing surface (Fig. 4A) , and have irregular trichome polarities, usually perpendicular to the clone border (Fig. 4B) ). Similar pattern deviations occur in the legs (Fig. 4I ) and head capsule (data not shown, see Bryant et al., 1988) . Tergite clones, however, show normal patterns of pigment, chaetae and trichomes (data not shown).
Based on these features of clone size, trichome and chaetae density and chaetae size, the ft G-rv and ft 18 alleles appear again more extreme than the ft 4 allele.
Mutant ft cells tend to allocate to proximal regions
The autonomous extra cell proliferation that we have found in M 1 mosaics can be quantitatively ascertained in a comparison of ft and ft 1 homozygous cells in a twin test. In this test ft cells, either ft G-rv , ft 18 or ft 4 , are labelled with f and the twin controls with ck (see Section 4). Clones were initiated at 60^12 h AEL. In Fig. 5A we compare the size (in cell number) of ft mutant clones and that of their ck twins. ft G-rv and ft 18 clones are much larger (average ratio of 6.5^1.4 and 14.9^2.9, respectively) than twin controls. The same holds for ft 4 clones, although the ratio is only 3.0^0.4. Trichome density is in these small clones also like in large M ). This phenotype is cell autonomous because it appears even in small (late initiated) clones. Like in Minute mosaics, clones that include two adjacent veins give rise to larger outgrowths, than those that include only one vein (Fig. 4F,H) . These clones have increased cell density and deviant cell polarity (Fig. 4E) , independently of clone size. ft 4 clones are smaller than ft 18 and ft G-rv , and therefore fewer clones of this genotype overlap two adjacent veins (in these few cases they correspond to the largest clones). The cell viability of ft clones is like that of wildtype cells because the frequency (33% for ft G-rv , 31% for ft 18 , 21% for ft 4 ) of f clones without ck twins corresponds to that of controls (27%) and to the distance of the Dp f 1 to ck on the mitotic map (see Garcõ .
As in large M 1 clones, borders of small ft clones in twins are smooth and in some cases they show also outgrowths evaginating from the wing surface. It is interesting to notice here that large and small ft clones do not merely abut adjacent veins, as control clones do, but very frequently cross over the veins and stop a few cells beyond the territory differentiating vein histotype running parallel to them (Fig. 4D,E) . The frequency of vein overlapping clones is 64.7% for ft G-rv , 62.5% for ft 18 and 67.5% for ft 4 clones compared respectively to 25, 23 and 27.5% for twin ck clones.. The observation that M 1 ft cells grow preferentially in proximal regions, avoiding the distal wing, is also re¯ected in a twin test (Fig. 5C±F) . The topological location of the mother cell of the twin in the anlage can be ascertained in the adult mosaics as the point where the two members of the twin contact. We can see (Fig. 5B) , that the mutant cells preferentially grow towards the base of the wing, while their twins grow towards more distal regions (that holds for ft 18 and ft G-rv and less so for ft 4
). This at least accounts for 80% in ft 18 , 71% in ft G-rv and 61% in ft 4 ; exceptions to the rule appear in the proximal and most anterior wing regions. This effect is evident in the frequent separation of the two members of the twin (18% in ft 18 ). Abnormal cell differentiation in vein thickening, chaetae density and chaetae morphogenesis in these small clones is, as expected, like in large M 1 clones.
Disc phenotypes of ft doubly mutant combinations
The abnormal behaviour of ft mutant cells in cell proliferation, as re¯ected in abnormal disc sizes and shapes prompted us to analyse of possible genetic interactions with mutations in other genes that affect these parameters. Such interactions can be studied in doubly mutant combinations, either in the morphology of imaginal discs of doubly mutant lethal larvae, or in genetic mosaics. Since ft mutant discs become increasingly more abnormal with the age of the larva, comparisons of phenotypes of the mutant combinations are dif®cult. What follows is therefore only an orientation for further, more detailed analyses.
The selector gene of the dorsal compartment, ap, causes in the mutant condition (ap rK568 ) a major reduction of the wing pouch. The double homozygote ft 18 ap rK568 is lethal (L1±2 phenoeffective phase), suggesting early synergetic effects, possibly in organs other than imaginal discs. The nub 2 allele of the nubbin gene, encoding a transcription factor with a POU motif (Ng et al., 1995) , causes smaller wing disc and a strong reduction of growth in the proximodistal axis of the wing (Ng et al., 1995; Cifuentes and Garcõ Âa-Bellido, 1997 ) and the recessive lethal rl Sem (rolled, encoding a transducer protein) (reviewed by Perrimon, 1993) . These alleles in doubly mutant combinations with ft 18 do not show clear departures from ft 18 discs, in neither morphology nor delay at pupation. Like ft, ds encodes a large transmembrane protein belonging to the cadherins gene superfamily (Clark et al., 1995) . Previous interaction experiments (Mohr, 1929) show that ds acts as suppressor of ft G phenotype, suggesting that ds and ft might function in the same genetic pathway. We were not able, however, to con®rm this interaction in double mutant discs ft 18 ds 38k as they are similar in size and shape to ft 18 discs (data not shown), although ds 38k is a strong allele (Clark et al., 1995) .
Behaviour of ft clones in different mutant cell backgrounds
In the following analyses the clones are doubly mutant for ft 18 and viable mutations affecting the whole disc. In this approach we have analysed twins of ft/ck cells in some of the , ft 18 and ft G-rv . Mutant cells are marked with f and the twin controls with ck. All ft clones are larger than twin controls, but ft 18 and ft G-rv much more than ft 4 (compare the f/ck cell average ratios). (B) Graphic representation of the contact point of the two members of a twin (grey arrow, ft 4 ; white arrow, ft 18 ; black arrow, ck) that corresponds to the topological location of the twin mother cell. The arrows indicate growth direction. Mutant cells preferentially grow towards the base of the wing with a few exceptions, in the proximal anterior regions, while their twins point at more distal regions. Plots of crinkled twin control clones (C) and forked ft 4 (D), forked ft 18 (E), forked ft G-rv (F) clones obtained in the same experiments. ft clones occupy more frequently proximal positions avoiding terminalizing in the wing tip. mutant combinations described before. These analyses have been restricted to the ft 18 allele. Many alleles of ve and vn of the DER pathway are lethal (Lindsley and Zimm, 1992) but the mutant combination of viable alleles ve vn reaches adult stages and has wings smaller than normal (up to 30%) and lacks veins, while trichome density is normal . ft 18 clones in this background cover smaller territories than ft clones in wild-type, in a ratio 5.4^1.5 signi®cantly lower than ft/ck ratio in control wings (14.9^2.9). As shown in Fig. 6A , ft clones appear in central and proximal regions of the wing blade, but distalize more than control ft clones. Of 21 large clones, none showed the overgrowth typical of ft in the proximal regions. Clones may cover presumptive vein regions but fail to differentiate vein histotype. Trichome density is like in ft 18 clones. Also smaller are the ft/ck ratios in both ve (3.5^0.4) and vn (7.3^1.7) backgrounds (Fig.  6B,C) , but otherwise the clones have the same distribution and shape as ft/ck twins in control wings. Thus, ve and vn act in cell proliferation as antagonists of ft.
In the same signalling DER pathway is the receptor top (Price et al., 1989; Perrimon and Perkins, 1997) . ft 18 clones in top 1 (viable hypomorph allele) background grow more distally than in normal wings (Fig. 6D ). In this case we did not monitor the ck twin, but the number of ck cells can be deduced by the average of the ck clones of the same age in other backgrounds and in wild-type. On this basis, ft 18 clones in top 1 are smaller (average 4.4) than the same clones in wild-type background. ft clones in a top ElpB1 background show more ft 18 cells than twin ck cells with a ratio close to that seen in a wild-type background (10.3^1.8) (Fig. 6E) . Thus, top, like ve and vn loss of function alleles, acts as antagonist of ft.
In the N pathway we have analysed ft 18 clones in both N 55e11 / 1 and Ax 16172 /1 backgrounds. The clonal parameters of ft 18 do not depart from those in wild-type wings (Fig. 6F,G) . However, it should be noticed that the N allelic combinations used are weak. The vein thickness of ft clones is merely additive of the ft and N or Ax phenotypes suggesting that lateral inhibition mediated by N (Campos-Ortega and Knust, 1990 ) is normal in ft cells.
Doubly mutant clones of ft and other genes during proliferation
This analysis can be carried out with genes that map to the same chromosomal arm as ft. In Fig. 7 we compare plots of double mutant M/M 1 clones of ft 18 and lethal alleles of other genes.
Wingless (wg) encodes a ligand involved in the signalling of cells at the notum-wing boundary and dorso-ventral border of the wing (Struhl and Basler, 1993; Couso et al., 1994; Neumann and Cohen, 1996) . The expression pattern of wg is similar to that of ft in basal wing. The allele wg NZ causes lack of sensory elements in the wing margin. However, its proliferation parameters are normal (Fig.   7A ). The phenotype of ft 18 wg NZ clones is additive: in overgrowth and in cell size it is like ft 18 and in wing patterning like wg NZ (Fig. 7B) . The nub 1 phenotype preferentially affects proximal wing regions (Fig. 7C) . It causes in clones non-autonomous reductions in cell proliferation in the whole wing, negative accommodation and proximal to distal transformations in the wing blade (Cifuentes and Garcõ Âa-Bellido, 1997) . The double mutant ft 18 nub 1 clones are small and cause overgrowth, as in ft 18 clones (Fig. 7D) 
Discussion
The molecular nature of the ft alleles
The Drosophila fat gene is exclusively expressed in ectodermal derivatives, both in the embryo and imaginal tissues (Mahoney et al., 1991) and we show in this paper that ft is transcribed in all imaginal discs. The huge FAT protein (with 5.147 amino acids) contains four major regions. Beginning by the N-terminus there are 34 cadherin-like domains, ®ve EGF-like repeats interspersed with two laminin A±G chain motifs, a transmembrane domain and a novel cytoplasmic domain (Mahoney et al., 1991; Ponassi et al., 1999) . All these domains appear in the FAT cadherin homologue of vertebrates, except for its cytoplasmic domain (Ponassi et al., 1999) . Classic vertebrate cadherins contain only the cadherin domains. A Drosophila homologue to these cadherins is the ds gene (Clark et al., 1995) . It is not known how the Drosophila ft gene functions in cell adhesion, but the presence of EGF-like repeats other C-terminal regions also suggest a role in cell-cell signalling, as a receptor or as a ligand. The molecular description of some mutations of ft ( ft 10 , ft
15
, ft G and ft G-rv ) show that they encode for truncated proteins containing different fractions of the cadherin region but lacking the EGF domains and more proximal domains. A ft G revertant ( ft G-rv ), resulting from a complex rearrangement within the ft gene, may correspond to a ft null allele (Mahoney et al., 1991) . All the lethal alleles are phenotypically similar. They could correspond to functional nulls, if the cadherins cannot be anchored to the cell membrane and lack the putative signalling regions, but the remaining secreted cadherin domains could act as dominant negative competitors of normal cadherins. This is the expla- nation given for ft G (Mahoney et al., 1991) . Developmental genetic studies have been carried out in four alleles ( ft 8 , Bryant et al., 1988 ; ft G-rv , ft 4 and ft
18
, in the present work). Of these alleles only the molecular nature of the ft G-rv allele is known (Mahoney et al., 1991) . We have observed in discs of ft 4 and ft 18 alleles by in situ hybridization with a probe for the EGF-like repeats of ft that these alleles are transcribed, but the signal is weak and appears only in the tip of the wing blade. This low expression could mean that ft transcription is dependent on normal ft activity (see below).
The mutant phenotypes
The phenotypic consequences of ft alleles are multiple: (1) most alleles are pupal lethals; (2) imaginal discs reach large sizes, with abnormally convoluted folds; (3) pupariation is delayed; (4) proliferating embryonic and adult cells are smaller than wild-type cells; and (5) differentiation of trichomes and chaetae is affected, not only in their sizes and polarity, but also in their numbers and patterning (Bryant et al., 1988; present paper) . Interestingly, hyperplasia is associated with an abnormal pattern of gene expression, as visualized in two-dimensional protein gels of ft 4 discs. They show 6±8 fewer spots than wild-type; 11 abundant polypeptides are either new or absent and another 11 show signi®cant quantitative differences with wild-type (Ferna Ândez-Santare Ân et al., 1998; note: ft 4 is mislabelled ft 13 in that paper). The three alleles studied in this work differ in several respects: ft G-rv hemizygotes ft 18 homozygotes and heteroallelic combinations show maximal delays to pupariation of 1±2 days, whereas ft 4 larvae may grow for further 4 days before pupariation. Experiments in ecd 1 permissive larval environment, in which pupariation is delayed, however, indicate that ft mutant discs may continue growing but only up to a maximal size. The ft 18 and ft G-rv alleles show higher growth rates and more extreme phenotypes than homozygous ft 4 in mosaics. Thus the ft 4 allele may be Fig. 7 . Comparison between plots of mutant clones of wg NZ (A) and double mutant clones of ft 18 and wg NZ (B) in a Minute heterozygous background. The same for nub 1 (C) and ft 18 nub 1 (D), Su(H) k07904 (E) and ft 18 Su(H) k07904 (F), ds 38k (G) and ft 18 ds 38k (H). All double mutant clones maintain the characteristics of ft more hypomorphic than the others, but by itself causes delays in pupariation which allows discs to grow larger than in the other alleles that pupate earlier.
Cell proliferation
How could these mutational alterations of ft account for the complex syndrome of mutant phenotypes at the cellular level? Clonal mutant phenotypes allow us to study developmental parameters of the extreme alleles. Mosaic patches (M 1 and twins) of the three alleles show overgrown or enlarged territories with more, and smaller, cells than controls. The autonomous extra growth in mosaics occurs everywhere in all the wing disc derivatives examined, within an otherwise normal pattern. In proximal wing regions these extra growths may lead to large bulges. These clones, however, respect the compartmental and vein restrictions. Mosaic extra growth is locally restricted to the clones, the surrounding wild-type territories retaining their wild-type aspect and sizes without signs of positional accommodation Garcõ Âa-Bellido and Garcõ Âa-Bellido, 1998) . These ®ndings indicate that the mutant territories are simply modifying some proliferation parameters of an otherwise normal, allometrically growing wing disc.
Cell differentiation phenotypes
The abnormal cell behaviour in clones suggests failures in cell adhesiveness and cell recognition. Thus, ft mutants clones contain trichomes with abnormal polarities, mainly pointing to clone borders and have smooth borders indicating incompatibilities with wild-type cells (Justice et al., 1995) . In distal wing regions clone borders are perpendicular to the proximo-distal axis and not parallel as in controls, indicating preferential allocation of post-mitotic cells to proximal wing positions. This is more manifest in twin clones where the mutant partner grows proximalwards. On the other hand mutant territories show abnormal cell differentiation patterns, including thicker or wider veins and patterns with more chaetae at higher density, suggesting a role of ft in patterned cell differentiation. The same holds for the territorial expression of wg and dpp expanded to wider territories in mutant discs as compared with wild-type. Thus, whereas the mutant features of trichome polarity and smooth clonal borders can be directly explained by adhesiveness failures, the wider differentiation patterns of chaetae and veins could reveal failures in cell communication in the subdivision of pre-pattern territories. The latter effects are possibly not mediated by failures in lateral inhibition because ft and N or Ax double combinations do not increase the phenotypes beyond mere additivity. ft mutant alleles also affect the differentiation of chaetae; they are shorter and have blunter shafts, suggesting an additional role of ft also in ®nal cell differentiation, possibly related to cytoskeleton anomalies observed in EM pictures of imaginal disc cells (Bryant et al., 1988) .
3.5. Role of cell adhesion and cell signalling in the process of morphogenesis As discussed above overgrowth and abnormal cell behaviour of ft cells during proliferation seem to be related to failures in cell signalling and/or cell adhesion. The normal expression patterns of genes with regional speci®city, such as ap, en, wg and dpp shown in large ft discs indicate that the overgrowth of the discs is allometric, i.e. not associated with duplications or abnormal local regeneration. This is also the case for other hyperplastic discs, like lethal giant discs (lgd) whose discs show ectopic expression of dpp and wg (Buratovich and Bryant, 1995) . Overgrowth of mutant discs in delayed pupariating hosts (ecd 2 mutant background) reaching a maximal size, indicates again that overgrowth is allometric, i.e. normal cell proliferation parameters are maintained. Thus, enlarged territories in clones included between normal restriction boundaries (compartments and veins), could be due to failures in cell-cell signalling needed to intercalate positional values de®ned by borders of clonal restrictions.
A generative model of cell proliferation in morphogenesis has been proposed (Garcõ Âa-Bellido and de Celis, 1992; Garcõ Âa-Bellido and Garcõ Âa-Bellido, 1998) (Wharton et al., 1985) and the EGFr homologue of Drosophila, top (Price et al., 1989) , cause in the loss of function condition reduced cell proliferation (intervein regions are smaller), whereas gain of function mutations or expression of activated forms of the same genes cause higher proliferation rates and overgrowths (Dõ Âaz-Benjumea and Garcõ Âa-Bellido, 1990; de Celis and Garcõ Âa-Bellido, 1994) . Thus, active signalling in N and EGFr pathways promotes cell division, perhaps down-regulating Martial gene function which, in turn, triggers mitosis. The cell behaviour phenotype of ft loss of function alleles is a higher rate of proliferation and generation of larger intervein regions. If this is due to a diminished cell adhesion we have to postulate that the wild-type ft gene functions connecting cells for appropriate signalling. Since in the mutant condition, cells undergo more divisions, giving rise to enlarged but other-wise normal territories, the normal function of ft would then be to down regulate cell division. Mutant overgrowths are larger in more proximal wing and intervein regions where, in the model , Martial values are the lowest. Interestingly, this abnormal clonal behaviour of mutant ft cells in discs does not apply to the histoblasts of tergites. The histoblasts proliferate ®lling up the space de®ned by the segmented epidermis without major cell interactions (Santamarõ Âa and Garcõ Âa-Bellido, 1972; Morata and Ripoll, 1975) .
If the basic failures of ft mutant cells are due to insuf®-cient cell adhesiveness and/or intercellular signalling, we expect to ®nd phenotypic interactions between mutations in ft and in other genes involved in signalling cascades related to cell proliferation. Thus, we have studied interactions with mutant members of the EGFr pathway in clones. In all cases the presence of any of these mutations (top, vn, ve) with ft in the same cells signi®cantly reduces the ft cell proliferation phenotype. We would have expected a superadditive mutant phenotype if ft alleles act as de®cient for an hypothetical EGF receptor domain or alternatively, ft misfunction results from loosing the secreted region of cadherin domains. However, since those mutations in the EGFr pathway, on their own, cause reduced cell proliferation the reduced extra growth of the combination may result, in part, from compensation of antagonistic processes, or from epistasis of the top mutant pathway. The observation that double mutant cells of ft and ve, vn or top show cancelled or reduced proximalization suggests that this process is associated with intercellular active signalling and therefore that cell af®nities re¯ect a more complex phenomenon than just cell adhesiveness.
Surprisingly the interaction of ft with the strong allele ds 38k (ds is another member of the cadherin family; Clark et al., 1995) does not show exaggerated ft clonal phenotypes, perhaps because they act independently. In fact cadherins seem to function only in homophilic interactions (see Vleminckx and Kemler, 1999) .
The absence of negative mitotic control in ft mutant cells could lead to faster cell proliferation, and eventually to smaller post-mitotic cells. But smaller cells also appear in clones of loss of function alleles of the top pathway (Dõ Âaz-Benjumea and Hafen, 1994) or of gain of functions of N (de Celis and Garcõ Âa-Bellido, 1994 ; Baonza and Garcõ Âa-Bellido, in preparation) which lead to cell proliferation. Thus, cell size in ft may not be a consequence of faster proliferating cells. Interestingly, in all mutant combination studied in genetic mosaics, cell size remains as in clones of ft alone. This suggests that smaller cell size in ft discs and clones is not due to higher growth rates and it may re¯ect failures in the cytoskeleton. In fact, Bryant et al. (1988) showed that zonulae adherens and associate microtubules are entirely missing in EM sections in ft 8 discs. The lack of homology, in the cytoplasmic domains, between ft and FAT in humans and the absence of mutants in the latter, makes dif®cult a direct comparison of their functions. It holds for vertebrate E-cadherins, to which ft is in part homologous, that they directly or indirectly interact the WNT (wg) and EGFr (top) pathways, with integrins, catenins and with the cytoskeleton (micro®laments) (see Huber et al., 1996; Miller and Moon, 1996; Vleminckx and Kemler, 1999 , for reviews). These interactions have counterparts in the present analysis of ft genetic interactions and phenotypes. This holds, in particular, for ft interactions with the DER pathway and its effects on the cytoskeleton of ft cells. Obviously further work with Drosophila homologs of the interacting vertebrate genes will throw light on the conserved homologies of ft function. The observed disappearance of E-cadherin in tumourous cell types which are engaged in cancer progression (Danen et al., 1996; Hirohashi, 1998; Perl et al., 1998) could be similar to the reduced ft transcription in ft mutant discs associated with extra proliferation of ft mutant cells observed here, in whole discs and in mosaics.
Experimental procedures
Genetic strains
The following alleles were used. At the ft locus the viable ft 1 allele (Mohr, 1929) ; the homozygous lethal alleles ft 4 (Szidonya and Reuter, 1988), ft G-rv (Bryant et al., 1988) and ft
18
(originally described as l(2)79/18, Torok et al., 1993) and as a de®ciency for the locus we used the Df(2L)sc19-1 (24D4; 25C9) (Szidonya and Reuter, 1988) ; at the top locus the viable allele top 1 (Lindsley and Zimm, 1992) and the viable gain of function allele top ElpB1 (Baker and Rubin, 1992) ; at the rl locus the homozygous lethal gain offunction allele rl Sem (Brunner et al., 1994) ; at the vn locus the viable allele vn 1 (Lindsley and Zimm, 1992) ; at the ve locus the viable allele ve 1 (Lindsley and Zimm, 1992) ; at the nub locus the viable alleles nub 1 and nub 2 (Lindsley and Zimm, 1992) ; at the N locus the dominant null allele N 55e11 (homozygous lethal) and the homozygous lethal gain of function allele Ax 16172 (de Celis and Garcõ Âa-Bellido, 1994 ); at the Su(H) locus the homozygous lethal (loss of function) allele Su(H) k07904 (Roch et al., 1998) ; at the ds locus the viable loss offunction allele ds 38k (Clark et al., 1995) ; at the ap locus the viable allele ap rK568 , a P-element insertion that drives expression of b -galactosidase in the nuclei of ap-expressing cells (Cohen et al., 1992) ; at the wg locus the insertional Plarb recessive lethal allele wg NZ (Bellen et al., 1989) , that directs expression of b -galactosidase in the wg-expressing cells (Peifer et al., 1991) . To detect the dpp expression in the imaginal discs we used the dpp BS3.0 transgene, a construct that contains the coding region for bacterial b -galactosidase under the transcriptional control of the 3 H dpp enhancer (Blackman et al., 1991) .
The maximal growth of the ft 4 and ft 18 wing discs was analysed in combinations with ecd 1 , a temperature sensitive mutation in the ecdysoneless gene that prevents pupariation at 298C for several days (Garen et al., 1977) .
Mosaic analysis
